INTRODUCTION
============

Cellular migration in response to environmental cues is an important process that mediates embryonic development, organogenesis, immune response, metastasis, wound healing, and tissue maintenance ([@B11]; [@B14]; [@B12]; [@B3]; [@B9]; [@B30]; [@B6]). Individual cell migration is primarily driven by a dynamic, polarized, and coordinated process of actin polymerization and depolymerization in concert with focal adhesion assembly/disassembly and actinomyosin contractions ([@B19]; [@B27]; [@B31]; [@B8]; [@B25]; [@B28]; [@B1]). However, many processes in development and cancer progression depend not only on the motility of individual cells, but also on the collective guidance of groups of cells ([@B2]; [@B13]; [@B35]; [@B15]; [@B23]; [@B33]; [@B26]). Collective cell migration occurs when physically linked cells migrate in a common direction ([@B26]). In developmental processes, this type of cell movement has been observed in sheets of cells, sprouting and branching groups of cells, and streams of cells ([@B26]). In cancer metastasis, the invasive behavior of tumors frequently relies on the collective migration of globular groups, strands, or sheets of cells ([@B6]; [@B18]). Unlike the autonomous movement of an individual cell, the collective migration of a group of cells requires constant intercellular communication for the coordination of movement.

During collective migration in sheets of cells, cells at the leading edge of the sheet, with free space around them to spread, adopt "leader" or "pioneer" behaviors ([@B35]; [@B36]; [@B37]). These cells express "guidance receptors" such as receptor tyrosine kinases (epidermal growth factor receptor, platelet-derived growth factor receptor, vascular endothelial growth factor) and display elevated signaling of at least one of these pathways ([@B38]; [@B40]; [@B39]). Leader cells are particularly sensitive to growth factor stimulation, which is in agreement with a model that signaling mainly regulates leader cells in order to control directed migration ([@B10]). Studies of sheets of Madin--Darby kidney cells show that cells in close proximity to a wound display elevated extracellular regulated kinase 1 and 2 (Erk1/2) activity, suggesting that these cells represent a spatially distinct population of leader cells ([@B17]; [@B24]). The mechanism by which these cells achieve activated Erk1/2 in a spatially confined manner is poorly understood but requires local generation of reactive oxygen species (ROS; [@B17]; [@B24]). In addition, it is unclear exactly how these leader cells can influence the motility of neighboring follower cells toward the rear of a sheet. One model postulates that follower cells migrate in accordance with diffusive chemical cues such as cAMP, Ca^2+^, or ROS, where a propagating wave of Erk1/2 activity leads to a propagating wave of cellular motility throughout a sheet ([@B17]; [@B24]). Although this model explains how leader cells may activate motility in follower cells, it does not fully explain how each cell in the collective group successfully orients motility toward the wound during sheet migration. Another model for sheet migration proposes that the mechanical forces generated by leader cells coordinates the migratory direction of follower cells ([@B37]; [@B27]). Together these two proposed mechanisms can explain how cells coordinate both cellular direction and cellular speed during wound healing.

Transforming growth factor β (TGFβ) is one of the key growth factors implicated in wound healing in vivo ([@B14]; [@B15]); upon injury to skin, TGFβ secretion coincides with the early stages of tissue repair ([@B32]). In addition, TGFβ mediates the activation of cell migration during embryonic eyelid and dorsal closure, both of which are developmental processes that involve the collective migration of epithelial sheets of cells ([@B35]; [@B15]; [@B33]). TGFβ signals through both Smad and non-Smad pathways to elicit appropriate cellular responses ([@B16]). Smads are transcription factors that are largely responsible for transcriptional regulation of a majority of TGFβ-responsive genes. Activation of non-Smad signaling pathways, including Erk1/2, p38, c-Jun N-terminal kinase, RhoA, and phosphoinositide 3'-kinase, often depends on the specific cellular context ([@B22]; [@B35]; [@B34] ; [@B20]; [@B5]; [@B21]). Although both Smad and non-Smad pathways have been implicated in modulating epithelial sheet migration in various systems, the underlying mechanisms by which epithelial sheets respond to global TGFβ stimulation to produce directed movement and coordinate individual cell directions are largely undefined.

In this study, we use two-dimensional epithelial sheets as a model system to understand how TGFβ mediates collective cell migration of human keratinocytes. Using this model system, we aim to answer two outstanding questions about collective migration: how does activated Erk1/2 activity form near the leading edge of a sheet, and does the spatiotemporal regulation of Erk1/2 activity throughout a collective group influence the migration direction of the collective group? We find that TGFβ activation of Erk1/2 activity is cell density dependent, in that high cell density inhibits Erk1/2 activity. TGFβ-treated sheets develop reduced cellular density at the leading edge, which drives elevated Erk1/2 activity at this location. Thus cellular density sensing is likely the primary means by which leader cell identity is achieved near the edge of a wound. In addition, we find that a sheet with spatially confined Erk1/2 activity to the leading edge displays coordination of individual cell migration directions toward the wound, whereas a sheet with global Erk1/2 activation displays significantly reduced ability to migrate toward the wound. These findings highlight the role of cellular density in defining the location of leader cells throughout a collective group, as well as the importance of the spatial confinement of leader cells in governing the overall collective migration direction of a group of cells during wound healing.

RESULTS
=======

TGFβ induces collective migration in epithelial sheets
------------------------------------------------------

We previously reported a computational tool to analyze cellular migration direction and speed of individual cells in a collective group ([@B4]). This tool, named Pathfinder, was used to analyze the migration behavior of human keratinocytes expressing an exogenous mCherry-tagged histone H2B (HaCaT-H2B cells) in epithelial sheets exposed to mock or TGFβ stimulation. For migration direction analysis, each cell within 1 mm of the wound in an epithelial sheet is assigned a value between 0 and 360°, which represents its migration direction relative to a defined set of axes ([Figure 1A](#F1){ref-type="fig"}). By comparing mock- and TGFβ-stimulated sheets after 24 h, we find that ligand-dependent orientation of cellular motility does not differ significantly from that of mock-treated sheets at the immediate leading edge (0--250 μm; [Figure 1A](#F1){ref-type="fig"} and Supplemental Movie S1). However, for the case of cells distal from the leading edge (500--1250 μm), TGFβ stimulation causes drastically improved cellular orientation toward the wound relative to that of mock stimulation in HaCaT and SCC-13 squamous cell carcinoma cells ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure S1A, respectively). Thus TGFβ stimulation elicits improved collective migration in these epithelial sheets. In addition, we determined that TGFβ stimulation causes improved wound-healing ability of sheets by enhancing the forward migration ability of the leading edge ([Figure 1B](#F1){ref-type="fig"}). When we measure individual cell speed throughout sheets, we find that not all cells migrate with the same speed in response to TGFβ stimulation, for which the fastest-moving cells are located toward the wound in both HaCaT and SCC-13 cells ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S1B, respectively). This procession mode of collective migration suggests that leader cells in the group are likely to be enriched near the wound border.

![TGFβ induces collective migration in epithelial sheets. (A) Cellular tracks display the spatial profile of migration throughout sheets between 35 and 40 h for sheets in the presence or absence of TGFβ. Quantification of cellular motility directions at 35 h post--ligand stimulation reveals that TGFβ promotes directional migration toward the wound. Cellular directions are calculated relative to the displayed key, with each cell assigned a value between 0 and 360°. (B) The forward migration of the leading edge of sheets was quantified in the presence or absence of TGFβ as a function of time. (C) The spatial distribution of cellular speed throughout sheets was quantified at 35 h post--ligand stimulation.](1586fig1){#F1}

TGFβ-dependent epithelial sheet migration requires MEK/Erk activity
-------------------------------------------------------------------

Because Erk1/2 activity was associated with leader cell identity in previous studies, we investigated the potential role of Erk1/2 activity in TGFβ-dependent collective migration with our experimental model system. Using low-density colonies of HaCaT cells, Western blot analysis of phospho-Erk1/2 levels, and live-cell tracking of HaCaT-H2B cells, we determined that TGFβ stimulation results in Erk1/2 activation with similar kinetics to that of TGFβ-dependent stimulation of cellular migration speed ([Figure 2A](#F2){ref-type="fig"}). This ligand-dependent effect on both cellular motility and Erk1/2 activation was confirmed to require TBR1 kinase activity, as chemical inhibition of TBR1 with the compound SB431542 blocks TGFβ-induced Erk1/2 activation ([Figure 2B](#F2){ref-type="fig"}). In addition, inhibition of Erk1/2 activity with a small-molecule inhibitors of MEK1 (CI-1040 and UO126) inhibits both ligand-dependent Erk1/2 activity and migration speed in a dose-dependent manner ([Figure 2C](#F2){ref-type="fig"} and Supplemental Figure S2A, respectively). We additionally determined that TGFβ- and epidermal growth factor (EGF)--induced Erk1/2 activation occurs independently of Smad2 phosphorylation in HaCaT cells (Supplemental Figure S2B), and TGFβ-induced cellular motility throughout sheets and Erk1/2 phosphorylation are unaltered by RNA interference--mediated depletion of either Smad2 or Smad3 in HaCaT cells (Supplemental Figure S2, C and D). Thus TGFβ-dependent regulation of Smad activity appears to be independent of ligand-induced mitogen-activated protein kinase and motility activation. However, TGFβ-dependent effects on spatial patterns of both migration direction and migration speed are inhibited upon MEK1 inhibition ([Figure 2, D and E](#F2){ref-type="fig"}). Together these data show that TGFβ-dependent enhancement of collective migration throughout sheets requires Erk1/2 activity.

![Erk1/2 activity is required for TGFβ-induced collective migration. (A) Western blot analysis of low-density colonies (300 cells/mm^2^) of HaCaT cells and cellular migration speed analysis of HaCaT-H2B cells reveal that the kinetic profile of speed activation correlates with the kinetic profile of Erk1/2, but not Smad2, activation in TGFβ-treated cells. (B) Simultaneous chemical inhibition of TBRI at ligand treatment (*t* = 0 h) prevents ligand-dependent Erk1/2 activation and stimulation of cellular speed after 24 h. (C) Chemical inhibition of MEK1 at 23 h post--ligand stimulation prevents ligand-dependent Erk1/2 activation and stimulation of cellular speed at 24 h post--ligand stimulation in a dose-dependent manner. (D) MEK1 inhibition at 30 h inhibits TGFβ-dependent cellular speed throughout sheets at 35 h. (E) MEK1 inhibition at 30 h inhibits TGFβ-dependent cellular orientation toward the wound at 35 h.](1586fig2){#F2}

Spatial patterns of Erk1/2 activity are a consequence of spatial patterns of cellular density
---------------------------------------------------------------------------------------------

Our spatial measurements of cellular motility speeds throughout TGFβ-stimulated sheets revealed that the fastest-moving cells are located toward the leading edge of sheets ([Figure 1C](#F1){ref-type="fig"}), whether other experiments revealed that cellular migration speed is largely a function of Erk1/2 activity ([Figure 2](#F2){ref-type="fig"}). As a result, we used immunofluorescence experiments to determine whether activated Erk1/2 was spatially constrained in a similar manner to cellular migration speed in ligand-stimulated sheets. Indeed, TGFβ stimulation causes elevated Erk1/2 activity toward the leading edge of sheets ([Figure 3A](#F3){ref-type="fig"}). Similarly, TGFβ stimulation results in decreased cellular density toward the leading edge of epithelial sheets ([Figure 3B](#F3){ref-type="fig"}). Thus we tested the hypothesis that the ligand-dependent pattern in Erk1/2 activity throughout sheets was causally determined by patterns in cellular density. When plated out in increasing density, HaCaT-H2B cells display density-dependent cellular migration speed in both the presence and absence of TGFβ, with high cell density inhibiting migration speed ([Figure 3C](#F3){ref-type="fig"}). This relationship between cellular density and migration speed correlates with Erk1/2 activity in wild-type HaCaT cells ([Figure 3C](#F3){ref-type="fig"}). In addition, using HaCaT cells expressing a cytosolic-targeted Erk sensor (EKAR-NES; [@B7]) and live-cell imaging, we found that the spatial pattern of Erk1/2 activity throughout epithelial sheets is modulated by the initial cell density of sheets, by which low-density sheets display global activation of Erk1/2 and high-density sheets display spatially confined Erk1/2 activity toward the leading edge in a TGFβ-dependent manner ([Figure 3D](#F3){ref-type="fig"}). In agreement with our findings in HaCaT cells, our experiments in SCC-13 cells reveal that TGFβ elicits improved spatially constrained Erk1/2 activation, motility, and changes in cell density in sheets (Supplemental Figure S3A), as well as density-dependent regulation of ligand-induced Erk1/2 activation (Supplemental Figure S3B). We investigated whether the known role of TGFβ in epithelial-to-mesenchymal transition (EMT) was possibly responsible for ligand-dependent changes in cellular density that we observe in both HaCaT and SCC-13 cells using immunofluorescence staining of E-cadherin in fixed HaCaT cell sheets in the presence and absence of TGFβ. This experiment shows that TGFβ does cause loss of E-cadherin toward the leading edge of sheets, suggesting that local ligand-induced EMT could be responsible for local elevation of Erk1/2. Although the mechanism by which TGFβ elicits local reduction of cellular density toward the leading edge of sheets is not entirely clear, these experiments provide compelling evidence that density-dependent regulation of Erk1/2 activity in conjunction with TGFβ-dependent localized cell spreading at the leading edge can explain why TGFβ-stimulated sheets display local Erk1/2 activity toward the leading edge.

![Cell density--dependent Erk1/2 activation drives spatially constrained Erk1/2 activity throughout sheets. (A) Immunofluorescence staining of active Erk1/2 in fixed sheets of HaCaT cells reveals TGFβ-dependent spatially constrained Erk1/2 activation at the leading edge at 24 h post--ligand stimulation. (B) Cellular density was measured with spatial resolution throughout sheets by quantifying the cellular area as a function of distance from the leading edge (position) after 24 h of ligand stimulation. (C) Titrations of cellular density in the presence or absence of TGFβ at 24 h reveal that high cell density inhibits Erk1/2 activity in a ligand-independent manner. (D) HaCaT EKAR-NES cells were used to measure the effect of cellular density on the spatial profile of Erk1/2 activity at 24 h post--ligand stimulation. The displayed heat map key represents the calculated FRET ratio from the EKAR-NES biosensor.](1586fig3){#F3}

Sheets with spatially constrained Erk activation display distinct collective migration behavior compared with sheets with global Erk activation
-----------------------------------------------------------------------------------------------------------------------------------------------

Although spatially constrained Erk1/2 activity has been reported, the importance of such spatial constrain has not been made clear in the literature. As a result, we sought to determine whether an epithelial sheet with spatially constrained Erk1/2 activity migrates differently than that of a sheet in which Erk1/2 activity is globally elevated. To address this problem, we first compared the migration speed and directions of cells throughout low- and high-density sheets in the presence and absence of TGFβ. Low-density sheets display a decreased ability of cells distal from the leading edge to migrate toward the wound in response to ligand stimulation ([Figure 4A](#F4){ref-type="fig"}). However, TGFβ-dependent activation of cellular speeds still occurs throughout low-density sheets, as is the case for high-density sheets ([Figure 4, B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}, respectively). Conversely, when the same experiment is conducted in parallel with high-density sheets, all cells throughout a sheet display TGFβ-dependent activation of cellular speed and migration direction toward the wound. Although these experiments suggest that sheets with globally activated Erk1/2 have decreased ability to migrate toward the wound, it is not entirely clear whether this is directly due to cell density--dependent guidance of cells or patterns of Erk1/2 activity throughout the collective group of cells. As a result, we sought to control patterns of Erk1/2 activity while maintaining constant initial cell density throughout a sheet and test directly the role of patterned Erk1/2 activity in the guidance of the collective group of cells. We constructed a stable transgenic HaCaT cell line expressing a constitutively active MEK1 (CA-MEK1) under a doxycycline (DOX)-inducible promoter (Tet-CA cells). Using these cells, live-cell tracking, and Western blot analysis, we found that DOX stimulation leads to efficient induction of CA-MEK1 levels and activation of Erk1/2 and cellular migration speed comparable to that of TGFβ in low- density cells ([Figure 5A](#F5){ref-type="fig"}). When this experiment is repeated under conditions of high cell density, DOX-dependent expression of CA-MEK1 can elicit significantly elevated cellular migration speed and Erk1/2 activity ([Figure 5B](#F5){ref-type="fig"}). Under these conditions, TGFβ fails to stimulate Erk1/2 activity. These Tet-CA cells were used to construct hybrid sheets of HaCaT-H2B cells and Tet-CA cells in which Tet-CA cells were positioned toward the leading edge. These hybrid sheets enable us to activate Erk1/2 specifically toward the leading edge of sheets without the need for exogenous ligand stimulation ([Figure 5C](#F5){ref-type="fig"}). The migration behavior of these sheets was compared with the migration behavior of similar sheets made entirely of Tet-CA cells ([Figure 5, D--H](#F5){ref-type="fig"}, and Supplemental Movie S2). Surprisingly, hybrid sheets display near-identical migration behavior to that of TGFβ-stimulated HaCaT-H2B sheets in both the spatial pattern of migration speed and the spatial pattern of migration direction ([Figures 1A](#F1){ref-type="fig"} and [5, D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Thus TGFβ-dependent collective migration may be entirely determined by spatial Erk1/2 patterns, despite the complex pleiotropic nature of the TGFβ pathway. Of interest, when the same experiment is conducted on sheets of Tet-CA cells, these sheets display a strong tendency not to migrate toward the wound, as is the case for low-density sheets ([Figures 5G](#F5){ref-type="fig"} and [4A](#F4){ref-type="fig"}, respectively). Of importance, these sheets still display DOX-dependent activation of cellular speed ([Figure 5H](#F5){ref-type="fig"}). Taken together, these data show that spatial patterns of Erk1/2 activity can affect the guidance of collective migration in epithelial sheets.

![Cell density throughout sheets influences ligand-dependent collective migration behavior. (A) Analysis of migration directions throughout low-density sheets (2000 cells/mm^2^) reveals that ligand-dependent orientation of cellular motility is not directed toward the wound for cells distal to the leading edge. (B) These low-density sheets display a significant increase in cell migration speed in response to ligand. The same experiments were repeated for high--cell density sheets (3500 cells/mm^2^) in C and D, respectively. All experiments depict data after 35 h of ligand stimulation.](1586fig4){#F4}

![Exogenous expression of a constitutively active MEK1 can restore elevated Erk1/2 activity at high cell density. Low-density colonies (A) were compared with high-density colonies (B) using Western blot analysis (HaCaT cells) and cellular migration speed analysis (HaCaT H2B cells). Introduction of a DOX-inducible, constitutively active MEK1 (CA-MEK1) yields DOX-dependent activation of Erk1/2 and cellular speed to similar levels as those of TGFβ in low-density colonies. However, at high cell density, TGFβ treatment no longer stimulates Erk1/2 or cellular speed, both of which can be overcome by DOX-dependent induction of CA-MEK1. An empty vector was used to construct a control cell line (Tet-Control). (C) Hybrid sheets constructed of HaCaT-H2B cells and Tet-CA cells allow for ligand-free specific activation of Erk1/2 toward the leading edge of sheets. (D) Directional analysis of collective migration in hybrid sheets reveals wound-directed migration in a DOX-dependent manner. (E) Hybrid sheets display a similar spatial profile of cellular speed as TGFβ-stimulated sheets. (F) DOX globally elevates Erk1/2 activity in sheets constructed entirely of Tet-CA cells. (G, H) Tet-CA sheets were analyzed as in D and E, respectively. All experiments depict data after 35 h of DOX stimulation.](1586fig5){#F5}

DISCUSSION
==========

Density-dependent Erk1/2 activation determines leader cell positioning
----------------------------------------------------------------------

Although local Erk1/2 activity has been described at the leading edge of sheets of cells ([@B17]; [@B24]) and elevated Erk1/2 activity has been identified as a marker of leader cell identity ([@B10]), it is unclear exactly how this local biochemical activity is positioned at the leading edge. Our experiments clearly show that the Erk1/2 activity of a cell is not only elevated by TGFβ stimulation but is also inhibited by high cell density ([Figure 3C](#F3){ref-type="fig"}). Migrating sheets of cells experience low resistance to migration at the leading edge, where cells are able to freely diffuse toward the wound, resulting in lower cell density at the wound border ([Figure 3B](#F3){ref-type="fig"}). This asymmetric density throughout a sheet is causally linked to the pattern of Erk1/2 activity throughout the sheet, as modulation of cellular density can affect such a pattern ([Figure 3, A](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). Although the molecular mechanism behind density-dependent regulation of Erk1/2 is not known, this regulation aids in the positioning of leader cells (elevated Erk1/2 activity) toward the leading edge of sheets.

Leader cell positioning effectively influences the migration direction of a collective group of cells
-----------------------------------------------------------------------------------------------------

Previous studies using sheets of cells concluded that lack of resistance at the wound border plays a role in the guidance of leader cells toward the wound ([@B29]). Our data consistently show that all the cells at the leading edge (0--250 μm) display exceptional orientation toward the wound independent of Erk1/2 levels ([Figures 1A](#F1){ref-type="fig"} and [2E](#F2){ref-type="fig"}). As a result, we conclude that orientation of these cells is largely independent of Erk1/2 activity and is primarily directed by the low-resistance paths toward the wound. However, the Erk1/2 activity of leader cells does regulate cellular speed, driving the forward migration of a TGFβ-stimulated sheet ([Figure 2D](#F2){ref-type="fig"}). The elevated Erk1/2 activity in leader cells is also required for orienting follower cells in the rear of the sheet toward the wound ([Figure 3E](#F3){ref-type="fig"}), provided that the follower cells do not themselves display elevated Erk1/2 activity ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). We interpret these data to suggest that a spatially constrained pattern of Erk1/2 activity throughout a sheet is largely wound directed. However, when the entire sheet consists of leader cells (elevated Erk1/2 activity), the direction of collective migration is largely not wound directed ([Figures 4A](#F4){ref-type="fig"} and [5G](#F5){ref-type="fig"}). Although it is not entirely clear what directional cues are governing non--wound-directed collective migration, our experiments provide evidence for a functional relationship between leader cell patterning and collective migration guidance during wound healing.

Physiological significance of density-directed collective cell migration
------------------------------------------------------------------------

Our novel findings are that spatial positioning of leader cells throughout a collective group of cell is driven by spatial patterns in cell density and that spatial segregation of leader cells affects the direction of collective migration throughout the collective group. These findings may provide insight into not only how epithelial wounds heal, but also how epithelial barriers maintain homogeneous cell density in vivo. In our TGFβ-stimulated epithelial sheets, the direction of collective cell migration aligns such that cells migrate from high to low cell density ([Figures 1A](#F1){ref-type="fig"} and [3B](#F3){ref-type="fig"}). This type of density-directed cell migration may occur in tissues in order to prevent accumulation of heterogeneous density. In areas where cell proliferation is high, cell density will inevitably become elevated unless a mechanism is in place to relieve accumulated cell density. Similarly, during cancer progression, tumor density may drive tumor expansion through local patterning of Erk1/2 activity and subsequent density-directed collective migration. Thus it is possible that a commonly used mechanism for tissue maintenance is highjacked during tumor progression to aid in the process of metastasis.

MATERIALS AND METHODS
=====================

Cell culture and experimental platforms
---------------------------------------

HaCaT cells were cultured in DMEM supplemented with 2 mM [l]{.smallcaps}-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin under 5% CO~2~ at 37°C. For sheet migration studies, 250,000 cells were seeded into each well of a 96-well plate (MGB096-1-2-HG-L; Matrical Bioscience, Spokane, WA). After 24 h, half of the cells (on one side of the well) were manually removed using a 200-μl pipette tip. Fluorescence imaging of live cells was conducted with phenol-free DMEM (31053028; Life Technologies, Grand Island, NY) that was prebleached for 24 h under a 15-W fluorescent light. All experiments were conducted with a TGFβ concentration of 100 pM (R&D Systems, Minneapolis, MN), EGF concentration of 100 nM (R&D Systems), SB431542 concentration of 10 μM (R&D Systems), CI-1040 concentration of 500 nM (unless explicitly stated otherwise; Tocris Bioscience, Minneapolis, MN), and DOX concentration of 0.5 μg/ml (Sigma-Aldrich, St. Louis, MO). In hybrid sheet migration assays, 250,000 Tet-Ca cells were seeded into each well. After 3 h, half of cells were removed, similar to the procedure for sheets. Then 250,000 HaCaT H2B mCherry cells or EKAR cells were added to each well. After 3 h, all cells were trypsinized for 2 min at 20°C, and a 200-μl pipette tip was used to remove desired cells, leaving behind a sheet with a leading edge of mixed Tet-CA and HaCaT-H2B cells.

Construction of stable cell lines
---------------------------------

Transgenic N-terminally tagged H2B mCherry cell lines were generated using murine leukemia virus (MuLV)--mediated gene transfer by which 293T cells were simultaneously transfected with MuLV packaging vector, pHCMV-VSV-g, and pRex-H2B-mCherry. Viral supernatant was used to infect HaCaT cells, supplemented with 10 μg/ml Polybrene (Sigma-Aldrich). Tet-CA cells were generated in HaCaT H2B GFP cells using lentiviral-mediated gene transfer by which 293T cells were simultaneously transfected with pMDLg, pHCMV-VSV-g, pREV and CSIV-TRE-RfA-CMV-KT, or CSIV-TRE-CA-MEK1-CMV-KT plasmids (gifts of Hiroyuki Miyoshi, RIKEN BioResource Center, Tsukuba, Japan). Constitutively active MKK1 is the R4F mutation (a gift of Natalie Ahn, University of Colorado, Boulder, CO) and was cloned into CSIV-TRE-RfA-CMV-KT using Gateway cloning (Invitrogen, Grand Island, NY). Stable transgenic EKAR cells were manufactured using transient transfection of pBSR-cyto-EKAR and pBP into HaCaT or SCC-13 cells and selected using 8 μg/ml blasticidin S (Life Technologies) for 2 wk.

Imaging, cellular tracking, and data analysis
---------------------------------------------

Data acquisition and analysis of live-cell microscopy videos were conducted as previously described ([@B4]). Spatial quantification of sheets of EKAR cells were conducted using Matlab to construct videos of background-corrected fluorescence resonance energy transfer (FRET) ratios, and ImageJ (National Institutes of Health, Bethesda, MD) was used to perform line scans throughout sheets in such videos. The leading edge of sheets were aligned manually in Excel, which was also used to construct final graphs of FRET ratio versus position.

Two-dimensional cell area was quantified by manual segmentation of cells in ImageJ, and conversion of area from pixels squared to micrometers squared used the conversion factor 1 pixel^2^ = 0.416 μm^2^ at 20× magnification and binning of 2 × 2 pixels.

Immunofluorescence
------------------

Cells grown in 96-well plates were fixed with --20°C 100% MeOH and incubated at 4°C overnight (endogenous) or 3.7% paraformaldehyde for 5 min (fluorescent protein--containing samples). Fixed cells were rehydrated in phosphate-buffered saline and blocked with 0.5% bovine serum albumin (BSA) in 50 mM Tris-HCl supplemented with 0.05% Tween-20 for 1 h. Primary antibody was substituted for BSA at a dilution of 1:200 for 3 h at room temperature. Secondary antibodies were used at a dilution of 1:200 for 1 h at room temperature. The antibodies used were ppERK1/2 (M7802; Sigma-Aldrich), E-cadherin (SC-21791; Santa Cruz Biotechnology, Dallas, TX), Alexa 555 goat anti-rabbit (Molecular Probes, Grand Island, NY), and Alexa 488 goat anti-mouse (Molecular Probes).

Western blotting
----------------

The following antibodies were used: pSmad2 (3108; Cell Signaling, Danvers, MA), Smad2/3 (SC-133098; Santa Cruz Biotechnology), ezrin (E8897; Sigma-Aldrich), ppERK1/2 (M9692; Sigma-Aldrich), ERK2 (SC-154; Santa Cruz Biotechnology), pMEK (9154; Cell Signaling), MEK (2352; Cell Signaling), and lamin A/C (SC-376248; Santa Cruz Biotechnology).

Statistical analysis
--------------------

The error displayed for speed measurements is SEM, and the number of observations is at least three, representing experiments done in triplicate. Statistical significance is denoted by the symbol †, which signifies *p* \< 0.01. This *p* value was calculated from a two-tailed *t* test in Excel. For directional measurements the *p* value represents comparisons of the percentage of cells with cellular directions between 180 and 360°.
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